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SURFACES WITH GRADIENTS IN SURFACE TOPOGRAPHY 

FIELD OF THE INVENTION 
The invention relates generally to devices and surfaces with gradients 
in surface topography and to methods for producing such surfaces. The invention 
5 also relates to methods for optimizing performance of liquid crystal assay devices 
and for devices prepared using such methods. 

BACKGROUND OF TIIE INVENTION 
Recently, various assay devices that employ liquid crystals have been 
disclosed. For example, a liquid crystal assay device using mixed self-assembled 

10 monolayers (SAMs) containing octanethiol and biotin supported on an anisotropic 
gold film obliquely deposited on glass has been reported. Gupta, V. K.; Skaife, J. 
J.; Dubrovsky, T. B., Abbott N. L. Science, 279, (1998), pp. 2077-2079. In 
addition, PCT publication WO 99/63329 published on December 9, 1999, discloses 
assay devices using SAMs attached to a substrate and a liquid crystal layer that is 

15 anchored by the SAM. U.S. Patent No. 6,288,392 issued to Abbott et al. discloses 
the quantitative characterization of obliquely-deposited substrates of gold using 
atomic force microscopy and describes the influence of substrate topography on the 
anchoring of liquid crystals. U.S. Patent No. 6,284,197 issued to Abbott et al. 
discloses the optical amplification of molecular interactions using liquid crystals. As 

20 disclosed by U.S. Patent No. 6,284,197, interactions between molecules that are 
components of self-assembled monolayers and other molecules can be amplified and 
transduced into an optical signal through the use of a mesogenic layer. A device for 
detecting analytes is disclosed which includes a substrate onto which a self- 
assembled monolayer is attached and a mesogenic layer which is anchored by the 

25 self-assembled monolayer. The mesogenic layer undergoes a change m 
conformation in response to the molecular mteraction. 
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Various oilier assay devices that employ liquid crystals have been 
disclosed. For example, U.S.S.N. 09/784,679 published on May 9, 2002, as U.S. 
Patent Publication No. U.S. 2002/0055093, discloses a rubbed substrate structure 
for use in a liquid crystal assay device. The rubbed substrate structure includes a 
5 biochemical blocking compound and a biomolecule recognition agent. The surface 
of the side of the support containmg the biochemical blocking layer is rubbed such 
that it possesses features that drive the uniform anchoring of liquid crystals when the 
liquid crystals contact the side of the support containing the biochemical blocking 
layer. U.S.S.N. 09/784,232 pubUshed on March 7, 2002, as U.S. Patent 

10 Publication No. U.S. 2002/0028451, discloses a method and apparatus for detection 
of microscopic pathogens. The detection apparatus includes a substrate with a 
detection region on a surface thereof, the detection region having microstructures 
mcluding grooves formed therein that will align liquid crystal material in contact 
therewith. The detection apparatus also includes a blocking layer on the surface of 

15 the detection region of the substrate that does not disrupt the alignment of liquid 
crystal material in contact therewith. The blocking layer blocks nonspecific 
adsorption of pathogens to the surface, but a binding agent on the surface of the 
detection region of the substrate specifically binds to a selected pathogen. 

As noted above, various liquid crystal assay devices have been 

20 reported that employ self-assembled monolayers formed on metallized surfaces. A 
need remains, however, for surfaces that possess gradients in surface topography 
and a method for forming and using such surfaces. A need also remains for a 
method of optimizing sensitivity and performance in liquid crystal assay devices that 
utilizes self-assembled monolayers formed on metallized surfaces. 

25 SUMMARY OF THE INVENTION 

The present invention provides surfaces that provide gradients in 
surface topography and methods for forming such surfaces. The invention also 
provides methods for optunizing the performance of liquid crystal assay devices and 
methods for determining the optimum angle for deposition of a metal m forming a 
30 metallized surfece for use m forming a liquid crystal assay device. 
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A method for preparing a surface possessing gradients in surface 
topography is provided. The method includes obliquely depositmg a metal from a 
metal source onto a surface of a support. The surface of the support includes a first 
end, a second end, and a region between the first and second ends. The second end 
5 of the surface is located nearer to the metal source than is the first end, and the 
metal is deposited onto the first end of the surface at a first angle of incidence and 
the metal is deposited onto the second end of the surface at a second angle of 
incidence. The first angle of incidence is greater than the second angle of 
incidence, and the metal is deposited onto ttie region between the first and second 

10 ends at angles of incidence that vary from the first angle of incidence to the second 
angle of incidence over the region to produce the metallized surface with gradients 
in surface topography. The angles of incidence are measured from the normal of 
the support. In some preferred embodiments, the metal is obliquely deposited from 
a metal source onto the surface of the support using an electron-beam evaporator. 

15 In some embodiments of the method for preparing a surface 

possessing gradients in surface topography, the difference between the first angle of 
incidence and the second angle of incidence is at least 3°, is at least 5°, is at least 
8°, or is at least 10°. 

In some embodiments of the method for preparing a surface 

20 possessing gradients in surface topography, the metal source is located in a crucible 
having a top surface, and the support is planar and perpendicularly disposed with 
respect to the top surface of the crucible. 

In some embodiments of the method for preparing a surface 
possessing gradients in surface topography, the distance between the second end of 

25 the support and the metal source is less than 35 cm, is less than 30 cm, or is less 
than 25 cm. 

In other embodiments of the method for preparing a surface 
possessing gradients in surface topography, the support is a glass slide that, in some 
embodiments, has a length of least 7 cm. In other embodunents, the support is a 
30 silica wafer. 
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In still other embodiments of the method for preparing a surface 
possessing gradients in surface topography, the metal obliquely deposited onto the 
support is gold or silver. 

In still other embodiments of the method for preparing a surface 
5 possessing gradients in surface topography, the support comprises a layer of 

titanium and the metal is obliquely deposited onto the layer of the titanium. In some 
such embodiments the support comprises a glass slide onto which a layer of titanium 
has been obliquely deposited. In some such methods, the layer of titanium is 
deposited at an angle of incidence that is approximately the same over the support 

10 and then a metal such as gold or silver is obliquely deposited onto the titanium. In 
other methods, the titanium is deposited onto the support according to the method of 
the invention so tliat the deposited titanium forms a metallized surface that possesses 
gradients in surface topography and then a metal such as gold or silver is deposited 
over the titanium according to the methods of the invention. 

15 In still other embodiments of the method for preparing a surface 

possessing gradients in surface topography, the metal obliquely deposited onto the 
support is gold or silver and the method further includes forming a self-assembled 
monolayer on the metallized surface. In some such methods, the self-assembled 
monolayer is formed on the metallized surface by contacting a solution of an 

20 alkanethiol with the metallized surface. In some such embodiments, the method 
further includes contacting the self-assembled monolayer with a liquid crystal. In 
some such embodiments, the liquid crystal is 4-cyano-4'pentylbiphenyl. 

In one aspect, the invention further provides any of the surfaces with 
gradients produced by any of the methods of the invention. 

25 In another aspect, the invention provides a substrate possessing 

gradients in surface topography. The substrate includes: a support having a furst 
end, a second end, and a region between the first end and the second end; a 
metallized surface disposed over the support, wherein the metallized surface 
includes a layer of metal with a surface topography that includes repeating hills and 

30 valleys, wherein the metallized surface mcludes a gradient wherein the layer of 
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metal is thicker at the second end than it is at the &st end and gradually changes in 
the region between the first end and the second end, and further wherein the hills 
are higher and the valleys are deeper at one end than they are at the other end and 
the height of the hills and the depth of the valleys gradually changes in the region 
5 between the first end and the second end of the support; an optional adhesion 
promoting material disposed between the metallized surface and the support; and a 
self-assembled monolayer or a layer of protein attached to a top surface of the 
metallized surface. In some embodiments, the anchoring energy of a liquid crystal 
disposed over the metallized surface varies across the surface from the first end of 

10 the support to the second end of the support, wherein an analyte bound to the 
surface will disrupt the uniform alignment of the liquid crystal on regions of the 
surface with low anchoring energies, but will not disrupt the alignment of the liquid 
crystal on regions of the surface that possess high anchoring energies. In some such 
embodiments, a liquid crystal disposed on the metallized surface will be oriented in 

15 one direction at the &st end of the support and wUl be oriented in a different 
direction at the second end of the support. In some such embodiments, the 
orientation of the liquid crystal at the first end of the support is perpendicular to the 
orientation of the liquid crystal at the second end of the support. In other 
embodiments, a liquid crystal disposed on the metallized surface will be uniformly 

20 oriented at either the first end or the second end of the support and will not be 
uniformly oriented at the other end of the support. In some embodiments, the 
support is planar, and in some such embodiments, the support is a glass slide which, 
in some embodiments, has a length of at least 7 cm. In some embodunents the 
metal of the metallized surface is gold or silver. 

25 In some embodiments, the substrate further mcludes a liquid crystal 

that is disposed above the self-assembled monolayer or the layer of protein. In 
some such embodiments, the liquid crystal is 4-cyano-4'-pentylbiphenyl. 

In other embodiments, the self-assembled monolayer includes an 
alkanethiol that is bound to the metallized surface of the substrate. 
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In yet other embodiments, the substrate includes the optional adhesion 
promoting material disposed between the metallized surface and the support of the 
substrate. In some such embodiments, the adhesion promoting material is a layer of 
titanium deposited on the support. In some such embodiments, the layer of titanium 
5 has a gradient in topography that extends from the first end of the support to the 
second end of the support. 

A method for determining an optimal angle of metal deposition for a 
metallized surface in a liquid crystal assay device is also provided. The method 
includes: 

10 (a) contacting a liquid crystal with a receptor molecule disposed on a first 
metallized surface of a first support in a first liquid crystal cell, the first liquid 
crystal cell comprising a first surface and a second surface, the second surface 
comprising the receptor molecule disposed on the first metallized surface of the first 
support, wherein the first surface and the second surface are spaced apart facing 

15 each other in the first liquid crystal cell, further wherein the first support of the 
second surface comprises a first end, a second end, and a region between the first 
and second ends, wherein the first metallized surface of the first support comprises a 
first gradient in surface topography formed by obliquely depositing a metal on the 
first support at angles of incidence varying firom a first angle of incidence at the first 

20 end of the first support to a second angle of incidence at the second end of the first 
support, wherein the difference between the first and second angles of incidence of 
the first support is at least 3°,and still further wherein the first surface of the first 
liquid crystal cell is a first surface that uniformly anchors the liquid crystal or is a 
surface that is substantially the same as the second surface; 

25 (b) contacting the liquid crystal with a receptor-analyte complex molecule 
disposed on a second metallized surface of a second support in a second liquid 
crystal cell, wherein the receptor-analyte complex molecule is formed by reaction of 
the receptor molecule with an analyte molecule that binds to the receptor molecule, 
and the second liquid crystal cell comprises a third surface and a fourth surface, the 

30 fourth surface comprising the receptor-analyte complex molecule disposed on the 
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second metallized surface of the second support, wherein the third surface and the 
fourth surface are spaced apart facmg each other in the second liquid crystal cell, 
further wherein the second support of the fourth surface comprises a third end, a 
fourth end, and a region between the third and fourth ends, wherein the second 
5 metallized surface of the second support comprises a second gradient in surface 
topography formed by obliquely depositing the metal on the second support at 
angles of incidence varying from a tliird angle of incidence at the third end of the 
second support to a fourth angle of incidence at the fourth end of the second 
support, wherein the difference between the third and fourth angles of incidence of 

10 the second support is substantially the same as the difference between the first and 
second angles of incidence of the first support, and further wherein the first angle of 
incidence is substantially the same as the third angle of incidence and the second 
angle of incidence is substantially the same as the fourth angle of mcidence such that 
the &st metallized surface is substantially the same as the second metallized 

15 surface, further wherein the angles of incidence are all measured from the normal, 
and still further wherein the thkd surface of the second liquid crystal cell is a second 
surface that uniformly anchors the liquid crystal or is a surface that is substantially 
the same as the fourth surface; 

(c) comparing at least one optical property of the liquid crystals in the first and 
20 second liquid crystal cells; and 

(d) determining the angle of incidence that maximizes the difference in the at 
least one optical property of the liquid crystals in the first and second liquid crystal 
cells. 

In some embodiments of the method for determining the optraial 
25 angle of metal deposition, the difference between the first and second angles of 
incidence of the first support is at least 5°, is at least 8°, or is at least 10°. 

In other embodiments of the method for determining the optimal 
angle of metal deposition, the metal is silver or gold. In some such embodiments, 
the gold or silver is obliquely deposited on a layer of titanium or other adhesion 
30 promoting material. 
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In other embodiments of the method for determining the optimal 
angle of metal deposition, the first surface of Ihe first liquid crystal cell is a first 
surface that uniformly anchors the liquid crystal and the third surface of the second 
liquid crystal cell is a second surface that uniformly anchors the liquid crystal and 
5 the first surface and the third surfaces comprise glass slides with a surface 

comprising obliquely deposited gold. In yet other embodiments, the first surface of 
the first liquid crystal cell is a surface that is substantially the same as the second 
surface and the third surface of the second liquid crystal cell is a surface that is 
substantially the same as the fourth surface 

10 In other embodiments of the method for determining the optimal 

angle of metal deposition, the at least one optical property of the liquid crystals 
compared in the first and second liquid crystal cells comprises is luminance. 

In other embodiments of the method for determining the optimal 
angle of metal deposition, the angle of incidence that maximizes the difference in 

15 the at least one optical property of the liquid crystals in the first and second liquid 
crystal cells is determined by measuring the standard deviation in the luminance of 
the liquid crystal in the first and second liquid crystal cells at an orientation of 45° 
or is determined by measuring the difference in luminance between orientations of 
0° and 45°. 

20 In other embodiments of the method for determining the optinoal 

angle of metal deposition, the receptor is selected from a protein, an 
immunoglobulin, a portion of an inmunoglobulin, a peptide, a polypeptide, a 
carbohydrate, a fragment of RNA, and a fragment of DNA. 

The invention further provides an alternative embodiment of the 

25 method for determining the optimal angle of metal deposition. In the alternative 
embodiment, the first surface that uniformly anchors the liquid crystal in the first 
liquid crystal cell is replaced by a surface that is substantially the same as the second 
surface that comprises the receptor molecule disposed on the first metallized surface 
of the first support. In such an embodunent, the third surface that uniformly 

30 anchors the liquid crystal in the second liquid crystal cell is replaced by a surface 
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that is substantially the same as the fourth surface that comprises the recqptor- 
amLyie complex molecule disposed on the second metallized surface of the second 
support. 

The invention further provides a surface that includes a metallized 
5 surface formed by obliquely depositing a metal such as gold or silver at the optunal 
angle determined by the method of the invention and the receptor molecule disposed 
thereon. Such surfaces may be formed by obliquely depositmg the metal on a 
support such as a glass slide. 

Further objects, features and advantages of the invention will be 
10 apparent from the following detailed description when taken in conjunction with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic representation showing how a metal such as 
gold, silver, titanium, and the like is deposited on a glass surface to create a surface 
15 with gradients in nanometer-scale surface topography. 

FIG. 2 is a schematic representation of a substrate with a glass slide 
and a metallized surface having gradients in amplitude, wavelength, and metal 
thickness across the surface. 

FIG. 3 is a schematic diagram comparing gold deposition on a glass 
20 microscope slide vertically displaced 50 cm from the gold source and gold 

deposition on a glass microscope slide (7.5 cm) vertically displaced 16 cm from the 
gold source at its nearest. 

FIG. 4 is a scanned image of the optical appearance of a liquid crystal 
(4-cyano-4'-pentylbiphenyl (5CB)) sandwiched between two gold fihns supporting 
25 self-assembled monolayers (SAMs) formed from hexadecanethiol where the top 

surface includes a gold film deposited at an angle of incidence of 40° and the bottom 
surface includes a gold fihn deposited at an angle of incidence that changes from 
48° to 58° across the length of the slide (thickness of gold rangmg from about 23 
nm (at 48°) to about 11 nm (at 58°). The slide is oriented (long axis) parallel to the 
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polarizer of the microscope. The top image (A) is the image viewed through cross 
polars, and the bottom image (B) is the image viewed through parallel polars. 

FIG. 5 is a scamied image viewed through cross polars of the optical 
appearance of 5CB on a layer of bovine serum albumin (BSA) supported on a SAM 
5 formed from hexadecanethiol on a gold film of a slide where the gold is deposited 
on the slide at an angle of incidence that ranged from 56.5° to 63.5° across the 
length of the slide (thickness of gold ranging from about 13 nm to about 7 nm). The 
top image shows the entire length of the slide when it is oriented (long axis) parallel 
to the polarizer of the microscope, and the bottom image shows the entire length of 

10 the slide when it is oriented at an angle of 45° to the polarizer of the microscope. 

FIG. 6 is a scanned image viewed through cross polars of the optical 
appearance of 5CB on a layer of BSA/anti-BSA supported on a SAM formed from 
hexadecanethiol on a gold film of a slide where the gold is deposited on the slide at 
an angle of incidence that ranged from 56.5° to 63.5° across the length of the slide 

15 (thickness of gold ranging from ~ 13 nm to ~ 7 nm) . The top image shows the 
entire length of the slide when it is oriented (long axis) parallel to the polarizer of 
the microscope, and the bottom unage shows the entire length of the slide when it is 
oriented at an angle of 45° to the polarizer of the microscope. 

FIG. 7 is a graph of the standard deviation of lummance of the 

20 sample at an orientation of 45°as a function of the angle of gold deposition where 
(♦) corresponds to the slide with the BSA (FIG. 5) and (□) corresponds to the slide 
with the BSA/anti-BSA (FIG. 6). 

DETAILED DESCRIPTION OF THE INVENTION 

As used herein, the phrase "angle of incidence" refers to the angle 
25 between the ray sfriking the surface of a support and the normal to the support. In 
FIG. 1, the angles represented as Gi and 82 are the angles of incidence for rays n 
and n, respectively. 
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The term "about" as used herein in conjunction with a number refers 
to a range of from 95% to 105% of that number. For example, an angle of about 
60° refers to an angle ranging from 57° to 63°. 

The phrase "substantially the same" as used herein in comparing two 
5 or more objects or items, means that the objects or items function in the same 
manner under the same conditions. 

All ranges recited herein include all combinations and 
subcombinations included within that range's limits. For example, a range of from 
about 48° to about 58° includes ranges of from 48° to 58°, of from 50° to 55°, of 
10 from 48° to 56°, and of from 50° to 56°, etc. Sunilarly, a thickness range of from 
about 13 nm to about 7 mn includes ranges of from 13 nm to 7 nm, of from 12 rnn 
to 8 mn, of from 13 nm to 9 nm, and of from 12 nm to 7 nm, etc. Furthermore, 
one skilled in the art will recognize that any listed range can be easily recognized as 
sufficiently describing and enabling the same range being broken down into at least 
15 equal halves, thirds, quarters, fifths, tenths, etc. As a non-limitmg example, each 
range discussed herein can be readily broken down into a lower third, middle third, 
and upper third. 

Generally, the invention provides metallized surfaces possessing 
gradients in nanometer-scale topography and methods for producing such surfaces. 

20 Such surfaces may include self-assembled monolayers or a layer of a protein 
disposed over the metallized surface and may ftirther include a liquid crystal 
deposited over the self-assembled monolayer or the protein. The metallized surfaces 
possessing gradients in surface topography may be used to determine the optimal 
angle of incidence that should be used to prepare a metallized surface for use in a 

25 liquid crystal assay device. Therefore, the invention also generally provides 
methods for optimizing liquid crystal devices using surfaces with gradients in 
nanometer-scale topography. 

FIG. 1 is a schematic representation (not to scale) showing how a 
surface possessing continuous gradients m surface topography may be fabricated 

30 from a support 10 such as a glass slide with a length of 7.5 cm. FIG. 1 is 
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representative and is not intended to limit the invention in any manner. As shown in 
FIG. 1, a support 10 such as a glass slide may be positioned perpendicular to the top 
surface of a crucible 20 which holds a suitable metal 30 such as, but not limited to, 
gold or silver. As shown in FIG. 1, support 10 is horizontally displaced 13 cm 
from the center of crucible 20 and is vertically displaced 16 cm above the top 
surface of crucible 20. In FIG. 1, n represents a ray of metal vapor impacting 
support 10 at a first end of support 10 which is situated furthest from metal 30 
(vertically positioned 23.5 cm above the top surface of crucible 20) and ra represents 
a ray of metal vapor impacting support 10 at a second end of support 10 situated 
nearest metal 30 (vertically positioned 16 cm above the top surface of crucible 20). 
The angle of incidence for n is depicted as Oi (measured from the normal), and the 
distance from metal 30 to the surface of support 10 at the first end is about 26.9 cm 
at the point where n impacts the surface of support 10 as can be readily calculated 
using the Pythagorean theorem. The angle of incidence for n is depicted as 02 
(measured from the normal), and the distance from metal 30 to the surface of 
support 10 at the second point is about 20.6 cm at the point where rz impacts the 
surface of support 10. For the particular geometry shown in FIG. 1, the angle of 
incidence changes by about 10° (first angle of incidence minus the second angle of 
incidence or 0i - 02 « 10°) fi:om one end of support 10 to the other. In various 
embodiments, the difference between the first angle of incidence and the second 
angle of incidence is at least 3°, is at least 5°, is at least 7°, is at least 8°, or is at 
least 10° such as shown in FIG. 1. By locating support 10 close to the metal 30 
source, the oblique angle of deposition on the substrate gradually and continuously 
changes from 6 1 to 82 as shown in FIG. 1 . Such changes in the angle of incidence 
over the surface of a support 10, such as a glass slide, forms a surface 40 with a 
continuous and gradual gradient in surface topography, such as shown in FIG. 2 
where the metal 60 is deposited over glass slide 50. 

The roughness and the anisotropy of the surface formed at the larger 
angle of deposition (61, the first angle of incidence) is greater than the roughness 
and anisotropy of the surface formed at the smaller angle of deposition (62, the 
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second angle of incidence). The change in the roughness and the anisotropy of the 
surface between 9i and 02 is gradual and continuous as illustrated in the schematic 
representation shown in FIG. 2. The variation in the angle of metal deposition 
across the length of the support or substrate follows an arctan relationship where the 
5 support is perpendicularly disposed to the top surface of the crucible: 
9 = arctan (x/y 4- z/y) 



geometry shown in FIG. 1, 9i = arctan (7.5/13 -I- 16/13) « 61° and 92 = arctan 
(0/13 + 16/13) « 51°, and 0i - 62 « 10°. The configuration used for deposition may 

20 be altered to obtain desired Oi and 02 values. Additionally, the deposition 

configuration may be altered to obtain a desired 9i - 92 range. Furthermore, longer 
or shorter supports may be used to increase or decrease the range m the angles of 
incidence over the support. In one embodiment of the invention, the difference 
between the first angle of incidence (0i = 58°) and the second angle of incidence (02 

25 = 48°) is about 10° as shown in FIG. 4. In another embodiment, the difference 

between the first angle of incidence (0i = 63°) and the second angle of incidence (02 
= 56°) is about 7° as shown m FIGS. 5 and 6. Because the variation in the angle of 
deposition across the length of the support follows an arctan relationship and is close 
to linear for supports in which x ranges from 0 to 7.5 cm, the change in the gradient 

30 of the roughness and anisotropy across the substrate is also close to linear for such 



where 



15 



10 



X is the distance between the end of the support closest to the source 
of the metal and the portion of Ihe support that 0 is calculated for (0 
to 7.5 cm for the particular support 10 shown in FIG. 1); 
y is the distance the support is horizontally displaced fi-om the center 
of the crucible or metal source (13 cm for the geometry of the 
support 10 shown in FIG. 1); and 

z is the distance that the support is vertically displaced firom the top 
surface of the crucible or metal source (16 cm for the geometry of the 
support 10 shown m FIG. 1). 

According to the above equation and the particular deposition 
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systems. The gradient in topography can be used to report multiple protein, binding 
events in biological assays and can also be used to identify optimal topography for 
detection of a given bind event using liquid crystals. 

FIG. 3 is a schematic representation comparing the geometry for 
5 fabricating a surface possessing continuous gradients in surface topography with the 
geometry for fabricating a surface with uniform surface topography. As shown in 
FIG. 3, a metallized surface possessing gradients in surface topography may be 
fabricated from a support 10 such as a glass slide with a length of 7.5 cm that is 
vertically displaced 16 cm from a source of metal and is horizontally displaced 13 

10 cm from a source of metal (See FIG. 1). FIG. 3 is representative and is not 

intended to limit the invention in any manner. As shown in FIG. 3, support 10 is 
located close (16 cm above) to the metal 30 source in crucible 20 in the one 
geometry similar to that shown in FIG. 1. Thus, the angle of incidence of metal 
deposition on the support gradually and continuously changes from 9 1 to 82 over the 

15 support as described above with respect to FIG. 1. In contrast, in conventional 
geomefries used in oblique metal deposition, a support 70 is located at a distance 
further (e.g. , 50 cm) from the metal 30 and crucible 20 and at an angle to the 
surface of the crucible such that the angle of incidence does not change appreciably 
over the surface of the support. This latter conventional geometry does not provide 

20 surfaces with gradients in surface topography. Rather, it provides surfaces with a 
uniform anisotropic topography. See Gupta, V. K. et al. , Chemistry of Materials, 
8, (1996), p. 1366, for a general description of oblique deposition methodology. 

In some embodiments, a layer of an obliquely deposited metal, 
preferably gold, is deposited on a cleaned surface of a support by evaporating it at a 

25 rate of about 0.2 A/s (0.02 nm/s) at a pressure of less than or about 5 x 10'^ torr 
without rotation of the sample relative to the incident flux of gold. In other 
embodiments, a metal such as gold is deposited in accordance with the invention on 
a top surface of a support that contains an adhesion-promoting material such as 
titanium. A support with a metal adhesion-promoting material such as titanium may 

30 be formed by depositing the titanium on the support using conventional deposition 
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techniques such that the support includes a top layer of titanium without gradients in 
surface topography prior to deposition of the metal such as gold or silver. 
Alternatively, a support with a metal adhesion-promoting material such as titanium 
may be formed using the methodology of the invention such that the support 

5 includes a top layer of titanium that itself possesses a gradient in surface topography 
prior to deposition of the other metal according to the methods of the invention. 
The layer of a metal such as gold on the metallized surface of the support typically 
has an average thickness that ranges from 5 nm or about 5 nm to 30 mn or about 30 
ran. In other embodiments, the average thickness of the layer of a metal such as 

10 gold deposited on the surface of the support ranges from 8 nm or about 8 nm to 25 
rim or about 25 nm in thickness or from 9 nm or about 9 nm to 20 nm or about 20 
ran in thickness. In still other embodiments, the layer of the metal such as gold 
deposited on the support has an average thickness that ranges from 10 nm or about 
10 nm to 20 nm or about 20 ran. In some embodiments, the thickness of the metal 

15 at the end of the support nearest the metal source during deposition ranges from 
about 12 nm to about 25 nm or from about 13 nm to about 23 nm. In some 
embodiments, the thickness of the metal deposited on the end of the support furthest 
from the metal source ranges from 5 nm to 12 nm or from 7 nm to 11 mn. In one 
embodiment, the thickness of the deposited metal at one end of the support ranges 

20 from 5 mn to 9 nm and the thickness of the metal deposited at the other end of the 
support ranges from 1 1 ran to 15 nm. In one such embodiment, the thickness of the 
deposited metal at one end of the support is 7 ran or about 7 mn and the thickness of 
the metal deposited at the other end of the support ranges from 13 nm or about 13 
mn. In other embodiments, the thickness of the deposited metal at one end of the 

25 support ranges from 9 nm to 13 nm and the thickness of the metal deposited at the 
other end of the support ranges from 20 nm to 25 mn. In some such embodiments, 
the thickness of the deposited metal at one end of the support is 11 nm or about 11 
nm and the thickness of the metal deposited at the other end of the support ranges 
from 23 nm or about 23 nm. The metallized surface obtamed after deposition of the 
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metal is generally an anisotropically rough and semi-transparent surface that 
possesses gradients in nanometer-scale topography. 

A wide variety of materials may be used as supports in preparing 
surfaces with gradients in surface topography according to the methods of the 
5 present invention. Generally, supports are planar, although this is not required in 
tibie present invention. Preferred supports include polymers and silica-containing 
materials. Examples of polymeric supports mclude, but are not limited to, 
polystyrene, polycarbonates, and polymethyl methacrylate. Other materials suitable 
for use as supports include metal oxides such as, but not limited to, indium oxide, 

10 tin oxide, and magnesium oxide and metals such as, but not limited to, gold, silver, 
and platinum. Still other materials that may be used as supports include cellulosic 
materials such as nitrocellulose, wood, paper, and cardboard, and sol-gel materials. 
In some preferred embodiments, supports include glass, quartz, and silica, or more 
preferably, glass slides, glass plates, and silica wafers. Preferably, such supports 

15 are cleaned prior to use. For example, in one method, glass slides or plates are 
preferably cleaned by treatment in "piranha solution" (70% H2SO4/30% H2O2) for 1 
hour and then rinsed with deionized water before drying under a stream of nitrogen. 
"Piranha solution" requires care in handling as it reacts violently with organic 
compounds and should not be stored in closed containers. 

20 Metals suitable for use in preparing metallized surfaces possessing 

gradients in nanometer-scale topography include, but are not limited to, gold, silver, 
copper, platinum, and palladium. As described above, optionally, an obliquely 
deposited metal surface possessing gradients in surface topography such as a gold or 
silver surface with gradients in surface topography will overlay a surface of titanium 

25 or other material that promotes adhesion which has already been deposited on a top 
surface of the support. The use of the titanium provides better adhesion of the 
obliquely deposited metal such as silver, or more preferably gold m preparing the 
metallized surface. Chromium and organic adhesion promoters, such as, but not 
limited to, aminopropyltrialkoxysilanes may also be utilized in accordance with the 

30 present invention. The use of titanium or another adhesion-promoting material is 
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not required as suitable metallized surfaces with gradients in surfece topography 
may be prepared without the use of such materials. If an adhesion promoting 
material is used, a layer of varying thickness may be applied to the underlying 
support. In some embodiments, approximately 1 nm of Ti is deposited on a support 
such as a glass slide or plate at uniform or roughly uniform angles of incidence so 
that the titanium on the support has a uniform surface topography. In other 
embodiments, the amotmt of adhesion-promoting material ranges from 0.5 nm or 
about 0.5 nm to 2.0 nm or about 2.0 nm while in other embodunents the thickness 
ranges from 0.8 nm or about 0.8 nm to 1.5 nm or about 1.5 nm. In some 
embodunents, approximately 1.0 nm of aminopropyltrimethoxy-silane is deposited 
as an adhesion-promoting material. In other embodiments, the thickness of the layer 
of adhesion promoting material ranges from 0.5 mn or about 0.5 nm to 5 nm or 
about 5 nm. The amount of adhesion-promoting material may be thicker such that 
in some embodiments, the thickness of the layer of an adhesion-promotmg material 
such as titanitmi ranges from 0.5 nm or about 0.5 nm to 10 nm or about 10 nm. 

Self-assembled monolayers may be formed on metallized surfaces 
possessing gradients in surface topography and may be formed on metallized 
surfaces with a surface topography that has been optunized, according to the present 
invention, for use in a specific liquid crystal detection device or application. This is 
typically accomplished by immersing the support with the metallized surface in a 
solution containing the alkanethiol. Alternatively, a solution may be dropped or 
povured onto the surface or otherwise contacted with the surfece of the support 
contauung the metal. Functional groups such as the thiol (-SH) group of the 
alkanethiol bind to the metal of the metallized surfece umnobilizing the alkanethiol 
on the surface and forming the self-assembled monolayer. As noted above, the 
alkanethiol is adsorbed onto the surface of the support from a solution containing the 
alkanethiol. In some embodiments, the alkanethiol is present in an alcohol such as 
ethanol or methanol although other liquids may also be employed in accordance with 
the invention. 
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Various alkanethiols may be used to prepare self-assembled 
monolayers on the surfaces with gradients in nanometer-scale topography or on 
surfaces with optimized surface topography of the present invention. Suitable 
alkanethiols include, but are not limited to, Q to C20 alkanethiols such as 
5 butanethiol, pentanethiol, hexanethiol, heptanethiol, octanethiol, nonanethiol, 
decanethiol, undecanethiol, dodecanethiol, tridecanethiol, tetradecanethiol, 
pentadecanethiol, hexadecanethiol, heptadecanethiol, octadecanethiol, 
nonadecanethiol, and eicosanethiol. In various embodiments, the alkanethiols 
include Cio to Cis alkanefliiols, Cs to C12 alkanethiols, Cs to Cio alkanethiols, Cs to 

10 Cs alkanethiols, Ce to Cis alkanethiols having an even number of carbon atoms, C5 
to Ci9 alkanethiols having an odd number of carbon atoms, hexanethiol, and 
hexadecanethiol. Those skilled in the art will recognize that dialkyl disulfides, R-S- 
S-R, may also be used to prepare self-assembled monolayers on surfaces with 
gradients in nanometer scale topography and on surfaces with optimized surface 

15 topography. Omega-functionalized alkanethiols may also be used and are 
encompassed in the group of compotmds referred to as "alkanethiols." For 
example, niercaptoalkanols such as mercaptohexanol may be used in place of or 
with an alkanethiol to prepare self-assembled monolayers on the surfaces of the 
invention. Examples of omega groups in omega-fiinctionalized alkanethiols include 

20 hydroxyl such as in mercaptoalkanols, nitriles, carboxylic acids, ethylene oxide, 
diethylene oxide, triethylene oxide, tetraethylene oxide, pentaethylene oxide, or 
polyethylene oxide. In some embodiments, the omega group is a hydroxyl group 
such that the alkanethiol is a mercaptoalkanol that is an alkanethiol with chain 
lengths ranging from C4 to C20. 

25 Self-assembled monolayers may be formed by contacting a solution 

containing an alkanethiol or mixture thereof with a metallized surface of the 
invention. The concentration of the alkanethiol in the solution used for alkanethiol 
adsorption generally ranges from about 1 micromolar to 10 millimolar. When using 
1 micromolar solutions, preferred immersion times range from 10 seconds to 24 

30 hours. Particularly preferred immersion times range from 1 minute to 6 hours. 
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Olher preferred immersion times range from 30 minutes to 2 hours. Typically, self- 
assembled monolayers were formed on surfaces of the invention by contacting the 
metallized gradient surface with an ethanolic solution of an alkanethiol such as 
hexadecanethiol at a concentration of 1 mM for a period of at least about 1 hour. In 
5 one embodiment, a metallized surface is immersed in a 1 mM ethanolic solution of 
hexadecanethiol for about 4 hours to form a self-assembled monolayer. Longer or 
shorter contact times may be used. Preferably, the contact time will be sufficient to 
form a densely packed monolayer as will be apparent to those skilled in the art. 
Generally, the lower the concentration of the alkanethiol in the alkanethiol solution, 

10 the longer the metallized surface will be contacted with the alkanethiol solution. 
Conversely, the higher the concentration of the alkanethiol in the alkanethiol 
solution, the shorter the metallized surface will be contacted with the alkanethiol. 

Alkanethiols are typically adsorbed onto the metallized surface of the 
support in solutions at temperatures ranging from about 15 "C to about 60°C, from 

15 about 20°C to about 40°C, from about 22°C to about 40°C, or from about 25°C to 
about 37°C. In some embodiments, the temperature range is from aljout 22°C to 
about 28°C, and in other embodiments the temperature is about 25°C. A steady 
temperature is not necessary, and the temperature may be increased or decreased 
during the alkanethiol adsorption. Generally, the temperature of the alkanethiol 

20 solution is not critical to the preparation of the self-assembled monolayer on the 
metallized surface. After an alkanethiol has been adsorbed onto a metallized 
surface, the surface is typically rinsed with a volatile solvent such as ethanol. The 
ethanol or other volatile solvent is then usually removed by blowing a sfream of Ni 
or other inert gas over the rinsed surface. 

25 Substrates may be formed from the metallized surfaces with gradients 

in surface topography of the invention. Generally, such a substrate includes! a 
support, having a first end, a second end, and a region between the first end and the 
second end; a metallized surface disposed over the support. The metallized surface 
includes a layer of metal with a surface topography that includes a plurality of 

30 repeating hills and valley as shown in FIG. 2. The metallized surface includes a 
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gradient such that the layer of metal is thicker at the second end than it is at the first 
end and gradually changes in the region between the first end and the second end. 
Additionally, the hills are higher and the valleys are deeper at one end than they are 
at the other end, and the height of the hills and the depth of the valleys gradually 
5 changes in the region between the first end and the second end of the support. 
Substrates may also include an optional adhesion promoting material such as, but 
not limited to, titanium disposed between the metallized surface and the support. 
Such substrates may also mclude a self-assembled monolayer attached to a top 
stirface of the metallized surface and/or a layer of a protein. In some embodiments, 

10 the anchoring energy of a liquid crystal disposed over the metallized surface varies 
across the surface from the first end of the support to the second end of the support, 
wherein an analyte bound to the surface will disrupt the uniform alignment of the 
liquid crystal on regions of the surface with low anchoring energies, but will not 
disrupt the alignment of the liquid crystal on regions of the surface that possess high 

15 anchoring energies. In some such embodiments, a liquid crystal disposed on the 
metallized surface will be oriented in one direction at the first end of the support and 
will be oriented in a different direction at the second end of the support. In some 
such embodiments, the orientation of the liquid crystal at the first end of the support 
is perpendicular to the orientation of the liquid crystal at the second end of the 

20 support. In other embodiments, a liquid crystal disposed on die metallized surface 
will be uniformly oriented at either the first end or the second end of the support 
and will not be uniformly oriented at the other end of the support. In some 
embodiments, the support is planar, and in some such embodiments, the support is a 
glass slide which, in some embodiments, has a length of at least 7 cm. In some 

25 embodiments, the metal of the metallized surface is gold or silver. In some 
embodiments, the substrate may include a liquid crystal disposed over the self- 
assembled monolayer. 

Various types of liquid crystals may be used in conjunction with the 
present invention. Examples of these include both nematic and smectic liquid 

30 crystals. Other classes of liquid crystals that may be used in accordance with the 
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invention include, but are not limited to: polymeric liquid crystals, thermotropic 
liquid crystals, lyotropic liquid crystals, columnar liquid crystals, nematic discotic 
liquid crystals, calamitic nematic liquid crystals, ferroelectric liquid crystals, discoid 
liquid crystals, and cholesteric liquid crystals. Examples of just some of the liquid 
5 crystals that may be used are shown in Table 1 . A particularly preferred liquid 
crystal for use in the present invention includes 4-cyano-4'-pentylbiphenyl (5CB). 
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Table 1. Molecular Structure of Mesogens Suitable for use ii 
Liquid Crystal Devices 
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Optical cells may be constructed from surfaces with gradients in 
5 nanometer-scale topography or from surfaces in which the surface topography has 
been optimized for use in a liquid crystal detection device. As described in the 
Results and Discussion section, cells formed from one surface with a gradient in 
nanometer-scale topography and one surface with uniform topography may be used 
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to determine optimum deposition angles and surface topography for a liquid crystal 
detection application. Optical cells may include a spacing material such as a film, 
positioned parallel to but a spaced distance away from the top surface of the surface 
with gradients in nanometer-scale topography or the surface with optimized surface 
5 topography. The spacing material and the top surface of the surface with gradients 
in surface topography or the surface with optimized surface topography thus define 
a cavity that may be filled with a liquid crystal. As noted above, an optical ceU may 
also contain another surface that uniformly anchors liquid crystals positioned 
parallel to and over the top of the surface with gradients or the surfece with 

10 optimized topography. Typically, a spacing material such as a film is positioned 
between the surface with gradients or the surface with optimized surface topography 
and the surface that uniformly anchors liquid crystals. The spacing material is 
preferably a film of a defined thickness that is preferably stable in the presence of 
the liquid crystal material, easy to handle, and does not contaminate the liquid 

15 crystal. A variety of films may be suitable for use as spacing materials in the 

optical cells according to the invention as will be apparent to those skilled in the art. 
A preferred film spacing material is preferably made of a polymeric material such as 
Mylar® brand film or Saran® brand wrap. The film spacing material is typically 
placed between the top surface of the surface with gradients in nanometer-scale 

20 topography or the surface with optunized surface topography and the surface that 
uniformly anchors liquid crystals such that the top surface of the surface with 
gradients or the surface with optimized topography and the surface that uniformly 
anchors liquid crystals face each other. The spacing material may also be 
comprised of rods or microparticles such as microspheres of defined diameter that 

25 are dispersed into the liquid crystal so as to separate the two siu-faces forming the 
optical cell. 

Various materials may be used as the surface that uniformly anchors 
liquid crystals in optical cells of the invention including, but not limited to, rubbed 
surfaces, glass surfaces modified by reaction with octadecyltrichlorosilane, and glass 
30 surfaces with obliquely deposited gold films such as those where the gold has been 
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deposited at a uniform or approximately uniform angle of incidence. Other suitable 
surfaces that uniformly anchor liquid crystals include rubbed glass slides and glass 
slides with shear-deposited Teflon. 

Metallized surfaces possessing gradients in surface topography may 
be used to determine optimal angles for obliquely depositing metal onto supports for 
use in liquid crystal assay devices as demonstrated in the Examples section with a 
liquid crystal device which uses bovine serum albumin (BSA) to detect anti-BSA 
IgG. A method for determming an optimal angle of metal deposition for a 
metallized surface in a liquid crystal assay device includes: 

(a) contacting a liquid crystal, such as 5CB, with a receptor molecule disposed 
on a first metallized surface of a first support in a first liquid crystal cell. Suitable 
receptor molecules include, but are not limited to proteins, immunoglobulins, 
portions of an immunoglobulins, peptides, polypeptides, carbohydrates, fragments 
of RNA, and fragments of DNA. The first liquid crystal cell includes a first surface 
that uniformly anchors the liquid crystal and a second surface that has the receptor 
molecule disposed on the first metallized surface of tibie first support. The first 
surface and the second surface are spaced apart facing each other in the first liquid 
crystal cell, and the first support of the second surface includes a first end, a second 
end, and a region between the first and second ends. The first metallized surface of 
the first support has a gradient in surface topography that is formed by obliquely 
depositmg a metal such as, but not limited to gold, silver, or the like, on the first 
support in accordance with the invention at angles of mcidence that vary across the 
support from a first angle of incidence at the first end of the first support to a second 
angle of incidence at the second end of the support. The difference between the first 
and second angles of incidence of the first support is at least 3°, but in some 
embodiments is at least 5°, is at least 8°, or is at least 10°. 

(b) contacting the liquid crystal with a receptor-analyte complex molecule 
disposed on a second metallized surface of a second support in a second liquid 
crystal cell. The receptor-analyte complex molecule is formed by reaction of the 
receptor molecule with an analyte molecule that binds to the receptor molecule. For 
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example, a receptor-analyte complex may be formed by contacting a surface coated 
with BSA with an analyte such as anti-BSA IgG which bmds to the BSA forming the 
receptor-analyte complex. As in the first liquid crystal cell described above, the 
second liquid crystal cell includes a surface that uniformly anchors the liquid crystal 
5 (a third surface) and a surface (a fourth surface) that has the receptor-analyte 

complex molecule disposed on the second metallized surface of the second support. 
The third surface and the fourth surface are spaced apart facing each other in the 
second liquid crystal cell. Like the first support, the second support of the fourth 
surface has a third end, a fourth end, and a region between the thurd and fourth 

10 ends, and the second metallized surface of the second support has a second gradient 
in surface topography that is formed by obliquely depositing the metal on the second 
support at angles of incidence that vary from a third angle of incidence at the third 
end of the second support to a fourth angle of incidence at the fourth end of the 
second support. The difference between the third and fourth angles of incidence of 

15 the second support is substantially the same as the difference between the first and 
second angles of incidence of the first support. Additionally, the first angle of 
incidence is substantially the same as the third angle of incidence, and the second 
angle of incidence is substantially the same as the fourth angle of incidence such that 
the first metallized surface is substantially the same as the second metallized 

20 surface. The angles of incidence are all measured from the normal. One skilled in 
the art will recognize that the metallized surfaces of the first and second supports 
should be as much alike as possible or substantially the same so that the difference 
in the optical properties between the liquid crystals in the first and second liquid 
crystal cells will be attributable to the receptor disposed on the surface in the first 

25 liquid crystal cell and the receptor-analyte complex disposed on the surface in the 
second liquid crystal cell. However, one skilled in the art will also recognize that 
the metallized surfaces of the first and second supports need not be identical. 

(c) comparing at least one optical property such as, but not limited to, 
luminance, of the liquid crystals in the first and second liquid crystal cells. 

30 (d) determining the angle of incidence that maximizes the difference in the at 
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least one optical property of the liquid crystals in the first and second liquid crystal 
cells. 

In some embodiments of the method for determining the optimal 
angle of metal deposition, the metal obliquely deposited on the first and second 
5 supports is silver or gold. In some such embodiments, the gold or silver is 

obliquely deposited on a layer of titanium or other adhesion promoting material. In 
other embodiments of the method for determining the optimal angle of metal 
deposition, the first surface that uniformly anchors the liquid crystal in the first 
liquid crystal cell and the third surface that uniformly anchors the liquid crystal in 

10 the second liquid crystal cell comprise glass slides with a surface comprising 
obliquely deposited gold. However, such surfaces that uniformly anchor liquid 
crystals may include any of those described above such as rubbed surfaces. 

In the method for determining the optimal angle of metal deposition, 
the at least one optical property of the liquid crystals that may be compared in the 

15 first and second liquid crystal cells is lummance. In some embodiments, the angle 
of incidence that maximizes the difference m the at least one optical property of the 
liquid crystals in the first and second liquid crystal cells is determined by measuring 
the standard deviation in the luminance of the liquid crystal in the first and second 
liquid crystal cells at an orientation of 45° or is determined by measuring the 

20 difference in luminance between orientations of 0° and 45°. 

Alternative embodiments of the method for determining the optunal 
angle of metal deposition are also provided. In one alternative embodiment, the 
first surface that uniformly anchors the liquid crystal in the first liquid crystal cell is 
replaced by a first surface that is substantially the same as the second surface that 

25 comprises the receptor molecule disposed on the first metallized surface of the first 
support. In such an embodiment, the third surface that uniformly anchors the liquid 
crystal in the second liquid crystal cell is also typically replaced by a third surface 
that is substantially the same as the fourth surface that comprises the receptor- 
analyte complex molecule disposed on the second metallized surface of the second 

30 support. In such embodiments, the first surface typically includes the receptor 
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molecule which is disposed on a metallized surface of a support as in the second 
surface of the first liquid crystal cell. In such embodiments, the support of the first 
surface has a first end, a second end, and a region between the first and second ends 
like the support of the second surfece of the first liquid crystal cell. In such 

5 embodiments, the metallized surface of the support of the first surface of the first 
liquid crystal cell includes a gradient substantially similar to that of the first 
metallized surface of the second surface of the first liquid crystal cell because it is 
formed by depositing the metal at angles of incidence that are substantially the same, 
if not identical, with those used to form the first metallized surface of the second 

10 surface of the first liquid crystal cell. Therefore, in such ahernative embodiments, 
the first surface is substantially the same as the second surface. 

In alternative embodiments of methods for determining the optimal 
angle for metal deposition for a liquid crystal assay device such as that described m 
the immediately preceding paragraph, the third surface typically includes the 

15 receptor-analyte complex molecule which is disposed on a metallized surface of a 
support as in the fourth surface of the second liquid crystal cell. In such 
embodiments, the support of the third surface has a third end, a fourth end, and a 
region between the third and fourth ends like the support of the fourth surface of the 
second liquid crystal cell. In such embodiments, the metallized surface of the 

20 support of the third surface of the second liquid crystal cell mcludes a gradient 

substantially similar to that of the second metallized surface of the fourth surface of 
the second liquid crystal cell because it is formed by depositmg the metal at angles 
of incidence that are substantially the same, if not identical, with those used to form 
the second metallized surface of the fourth surface of the second liquid crystal cell. 

25 Therefore, in such alternative embodiments the third surface is substantially the 
same as the fourth surface. 

Once an optimal angle for obliquely depositmg a metal has been 
discovered for a particular liquid crystal assay application according to the above 
procedure, a metallized surfece may be formed and used to construct a liquid crystal 

30 assay device with optimized performance. Such a surface typically includes the 
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specific receptor molecule disposed on a metallized surface formed by obliquely 
depositing a metal such as gold or silver at the optimal angle discovered by the 
above procedure. Such surfaces may be formed by obliquely depositing the metal 
on a support such as a glass slide at a distance sufficient that the metal is deposited 
at or near the optimal angle of incidence across the entire surface of the support. 

EXAMPLES 

The following materials and methodologies were utilized in the 
examples discussed in greater detail below. 

Materials 

Glass microscope slides used m the experiments were marked 
premium grade and obtamed from Fisher Scientific (Pittsburgh, PA). Glass slides 
were cleaned prior to use by treating with "piranha solution" (70% H2SO4 / 30% 
H2O2). "Piranha solution" should be handled with extreme caution because it reacts 
violently with organic materials and should not be stored m closed containers. After 
cleaning for 1 hour at 80°C in "piranha solution," the slides were rmsed copiously 
m deionized water and dried under a stream of nitrogen. Prior to use, the clean 
substrates were stored in an oven heated at I20°C for at least 3 hours. 

BSA (IgG and protease free) was obtained from Jackson 
ImmunoResearch Laboratories (West Grove, PA). Monoclonal anti-BSA IgG was 
obtained from Sigma (St. Louis, MO). Hexadecanethiol (92%) was obtained from 
Aldrich (Milwaukee, WI). The nematic liquid crystal, 4-cyano-4'-pentylbiphenyl 
(5CB), manufactured by BDH, was purchased from EM industries (Hawthorne, 
NY). All aqueous solutions were prepared using high-purity deionized water (18 
MQ cm) using a Milli-Q water purification system (Millipore, Bedford, MA). 

Formation of Metallized Surfaces with Nanometer-Scale Topography 

Bilayer films of titanium and gold were evaporated onto clean glass 
microscope slides within an electron beam evaporator (Tekvak, Brentwood, NY). 
To begin, the cleaned glass microscope slides were attached to the substrate holder 
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using clips. The microscope slides were always handled with forceps. The glass 
microscope slides on the holder were then rotated to the appropriate angle for gold 
deposition. The substrate holder was then bolted to the arm at the top of the 
electron beam evaporator chamber. The chamber was then pumped down to about 

5 10"^ Torr. With the crucible containing titanium in position, the electron beam 
current was slowly ranged up over several minutes with the shutter closed. To 
begin deposition, the shutter was opened, and the deposition rate (0.02 nm/s) was 
monitored using a quartz crystal microbalance. Once 8 nm of titanium were 
measured on the quartz crystal microbalance, the shutter was closed and the electron 

10 beam disengaged. After allowing the titanium to cool (5 minutes), the crucible with 
gold was then moved into position. The procedure of evaporation was repeated with 
the same deposition rate (0.02 nm/s), but 20 nm of gold were deposited on the 
quartz crystal microbalance. After the gold was cooled, the evaporator chamber 
was brought back to atmospheric pressure under nitrogen. The substrate holder was 

15 unbolted from the arm at the top of the electron beam evaporator chamber, and the 
slides with a thin fihn of titanium and gold deposited on the surface were removed 
from the holder and stored in covered glass jars. 

Formation of Metallized Surfaces with Gradients in 
Nanometer-Scale Topograpliy 

20 Clean glass slides (Fisher finest, premium microscope slides, plain, 

3" X 1" X 1 mm, Cat. No. 12-544-1; Fisher Scientific, PA) were mounted vertically 
using "bulldog" clips onto a circular holder so that the lower end of each glass slide 
was located 13 cm horizontally and 16 cm vertically from the gold source. The 
circular holder, named herein as a gradient slide holder, consists of a circular 

25 alummum strip that was 26 cm in diameter, and was annealed to aluminimi bars that 
were bolted to the arm at the top of the electron beam evaporator (Tekvak, 
Brentwood, NY). The circular aluminum strip was located with the center of the 
circle 16 cm directly above the gold source. All the glass slides were handled with 
forceps. Gloves were used, at all times. The vacuum of the chamber in the electron 

30 beam evaporator was maintained below 10"^ Torr ( about 7 -8 xlO"^ Torr). A 
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bilayer of titanium and gold was evaporated and deposited onto the glass slides 
sequentially. The first layer deposited on the slide was titanium. The electron beam 
current was slowly ramped up over several minutes to a power of about 6 - 8 
percent with the shutter closed. To begin deposition, the shutter was opened, and 
5 the deposition rate (0.02 mn/s) was monitored using a quartz crystal microbalance. 
Once 2 nm of titanium were measured on the quartz crystal microbalance, the 
shutter was closed and the electron beam was disengaged. The second layer of 
metal deposited on the slide was gold. After allowing the titanium to cool for 15 
minutes, the metal source was changed to gold. Then, the same procedure of 

10 evaporation was repeated as that used for titanium, except that the power of the 
electron beam current was set at about 12 percent and 5 nm of gold were deposited 
on the quartz crystal microbalance. After the gold was cooled, the evaporator 
chamber was filled with nitrogen up to atmospheric pressure. The gradient slides 
with a thin film of titanium and gold were removed from the holder and stored in 

15 covered glass jars. 

Formation of Self-Assembled Monolayers 

Self-assembled monolayers were formed on the surfaces of gold films 
on slides by unmersion of the slides in ethanol solutions containing hexadecanethiol 
at a concentration of 1 mM. After immersion m the ethanol solutions for four hours 
20 at room temperature, the slides were removed, rinsed with ethanol, and then dried 
under a stream of gaseous nitrogen. 

Immobilization of BSA and anti-BSA IgG on Gold Films 
Substrates supportmg obliquely deposited gold films were mraiersed 
in a 1 mg/mL solution of BSA in phosphate-buffered saline (PBS, pH 7.4). After 
25 immersion for three hours m the BSA PBS solution, the substrates were rmsed for 
15 seconds in PBS, rinsed for 15 seconds in water, and then dried under a stream of 
gaseous nitrogen. For anti-BSA IgG, substrates were immersed in a 100 nM anti- 
BSA IgG PBS solution for 3 hours with mixmg. After immersion m the anti-BSA 
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PBS solution, the substrates were rinsed for 15 seconds in PBS, rinsed for 15 
seconds in water, and then dried under a stream of gaseous nitrogen. 

Optical Cells 

Optical cells were prepared by pairing two glass slides, each of which 
5 supported a SAM or protein. The slides were aligned (facing each other) such that 
the direction of gold deposition on the two slides was parallel. The slides were kept 
apart by inserting a thin film of Saran Wrap® brand fihn with a thickness of about 
12 nm at the edge of the glass microscope slides. The cells were held together 
using "bulldog" clips placed along the edge of the glass microscope slides. The 

10 cells were placed on a hot plate and heated to a temperature of about 40°C. The 
nematic liquid crystal 5CB was heated into its isotropic phase ( > 35°C) in a glass 
syrmge. The 5CB was then placed on the edge of each cell on the hot plate. The 
5CB was then drawn into the optical cells by capillary action. Once the optical cells 
were filled with 5CB, the cell was removed fi'om the hot plate and cooled in air to 

15 room temperature. Upon cooling, the isotropic phase of 5CB transformed to the 
nematic phase. 

Characterization 

Images of the liquid crystals were captured with a CCD camera 
(DXC-151A, Sony, Park Ridge, NJ) and frame grabbing software (Mediagrabber, 

20 Rasterops Inc., Santa Clara, CA) that was attached to a polarized light microscope 
(BX60, Olympus, Tokyo, Japan). The average luminance (L, average pixel value 
on a scale of 0-255) was calculated usmg Photoshop® brand software (Adobe 
Systems Inc., San Jose, CA) after conversion of the image from color to gray scale. 
Consistent settings of the microscope light source (50% of maxunum mtensity, 50% 

25 open aperture, and no condenser) and CCD camera (no auto color correction and 
1/400* second shutter speed for BSA experiments) were used to permit the 
comparison of values of Itraiinance between samples. 
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DISCUSSION OF EXPERIMENTAL RESULTS 
Liquid crystals have been used to amplify and transduce a range of 
bio/chemical events on surfaces. Examples include receptor-mediated binding of 
protein to surfaces, chemical transformations of surfaces, and binding of low 
5 molecular weight species to surfaces. See V.K. Gupta; J.J. Skaife; T.B. 

Dubrovsky; N.L. Abbott, Science 279, lOHl (1998); J. J. Skaife; N. L. Abbott, 
Langmuir 16, 3529 (2000); R. R. Shah; N.L. Abbott, /. Am. Chem. Soc. 121, 
11300 (1999); and R. R. Shah; N.L. Abbott, Science 293, 1296 (2001). These 
events have been imaged usmg the surface-driven orientational behavior of liquid 

10 crystals. In order to investigate these bmding events, surfaces had to be prepared 
with specific chemical functionality and nanometer-scale topography such that the 
targeted surface phenomenon perturbed the balance of forces acting between the 
liquid crystals and the surfaces. These perturbations triggered changes in the 
orientations of the bulk of liquid crystals, and thus altered the optical appearance of 

15 the liquid crystals when viewed under polarized light. 

One procedure used in past studies for fabricating surfaces with 
nanometer-scale topography is physical vapor deposition of gold. See R. C. Jaeger, 
Introduction to Microelectronic Fabrication, Addison-Wesley Pub. Co.: New York, 
(1988); H. Van Kranenburg; C. Lodder, Mat. Sci. & Eng. Rll, 295 (1994); and D. 

20 L. Smith, Thin-Film Deposition: Principles & Practice, McGraw-Hill, Inc.: New 
York, (1995). In physical vapor deposition, gold is evaporated inside a low 
pressure chamber ( about 10"^ torr) and is then deposited onto substrates at an 
oblique angle of incidence and from a smgle azimuthal direction. Due to self- 
shadowing, the depositing gold forms an anisotropic nanometer-scale topography on 

25 the substrate. See H. Van Kranenburg; C. Lodder, Mat. Sci. & Eng. Rll, 295 
(1994); and D. L. Smith, Thin-Film Deposition: Principles & Practice, McGraw- 
Hill, Inc.: New York, (1995); L. A. Goodman; J. T. McGinn; C. H. Anderson; F. 
Digeronuno, IEEE Trans. Elec. Dev. ED-24, 795 (1977); G. Mbise; G. B. Smith; 
C. G. Granqvist, Tliin Solid Films, 174, L123 (1989); and R. N. Tait; T. Smy; M. 

30 J. Brett, J. Vac. Sci. Tech. A,10, 1518 (1992). Past studies usmg atomic force 
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microscopy have revealed that the nanometer-scale topography of the surface is 
greatest (roughest) in an azimuthal direction that is parallel to the plane of incidence 
of the gold during deposition of the film. When an angle of incidence of 45° 
(measured from normal) was used, a characteristic distance between repeatiag hills 

5 and valleys of about 20 nm and a characteristic height between hills and valleys of 
about 1 nm was measured. See J. J. Skaife; J. M. Brake; N. L. Abbott, Langmuir 
17, 5448 (2001). Changes in the angle of deposition of the gold leads to variations 
in the characteristic width and height of topographical features. Gold fihns 
deposited at high angles of incidence (measured from normal to the surface) possess 

10 topographies that lead to higher elastic anchoring energies of liquid crystals on these 
surfaces. Because changes in the nanometer-scale topography can influence the 
strength of anchoring of a liquid crystal on a surface, manipulation of the 
topography offers a means by which the response of the liquid crystal to a targeted 
surface phenomenon can be designed. 

15 In conventional deposition methodologies, gold was deposited at a 

single angle of incidence onto silica substrates by locating each substrate 
approximately 500 mm from the source of gold withm the evaporator. In direct 
contrast, the present invention provides a novel procedure for deposition of a metal 
such as gold onto glass substrates and other supports such that the angle of 

20 deposition of the metal and the thickness of tiie metal (and thus the nanometer-scale 
topography) varies continuously with position across the support. Substrates 
prepared using the procedures of the present invention possess gradients in 
nanometer-scale topography across their surfaces, and such metallized surfaces can 
be used to (i) rapidly explore the effect of nanometer-scale topography on the 

25 orientations of liquid crystals, and to (ii) optimize selection of the nanometer-scale 
topography to detect a targeted protein-receptor binding event on a surface. Past 
studies have reported methods for preparing surfaces with gradients in polymer 
blend composition, surface coverage of platinum, and surface hydrophobicity. See 
J. C. Meredith; A. Karim; E. J. Amis, Macromolecules 33, 5760 (2000); S. 
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Jayaraman; A. C. Hillier, Langmuir 17, 7857 (2001); and M. K. Chaudhury; G. M. 
Whitesides, Science 256, 1539 (1992). 

Bilayer films of titanium and gold were evaporated onto clean glass 
microscope slides within an electron beam evaporator (Tekvak, Brentwood, NY). 

5 See J. J. Skaife; N. L. Abbott, Chem. Mater. 11, 612 (1999) for a general 

description of electron beam evaporation techniques. The spatial variation of the 
angle of incidence of gold across each slide was calculated from the distance 
between each slide and the source of gold in the evaporator as described above in 
the description of FIG. 1. By placing a slide a distance of about 20 cm from the 

10 gold source with an orientation such that the variation in the angle of deposition 
occurred over the length of the slide (7.5 cm), the variation in the angle of 
deposition across the slide was calculated to be about 10° ((6i - 62) see FIG. 1 and 
FIG. 3). The thickness of metal deposited onto the substrate was calculated to vary 
from about 8 nm (at 9i) to about 18 nm (at 82) for Au and from about 3 nm (at 9i) to 

15 about 7 nm (at 62) for Ti. This variation in thickness is due to both changes in the 
incident angle across the substrate and variation of the distance between the source 
and substrate. Both the gradient in thickness of the gold film and the gradient in 
angle of deposition contribute to formation of the gradient in nanometer-scale 
topography across the substrate (See FIG. 2 for schematic representation). The 

20 slides were supported using bulldog clips from a circular holder that was made to 
support slides for oblique deposition according to the invention. The addition of the 
circular support holder was the only modification made to the electron beam 
evaporator. The slides were held in a vertical position during the oblique 
deposition. The circular holder was placed on the framework of the electron beam 

25 evaporator. The circular holder for use in forming surfaces with gradients and the 
single angle of deposition holder were mounted mterchangeably with a bolt to the 
arm at the top of the electron beam evaporator. 

The orientational behavior of nematic phases of 4-cyano4'- 
pentylbiphenyl (5CB) anchored on gold films that possessed gradients in nanometer- 

30 scale topography and supported self-assembled monolayers (SAMs) formed from 
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alkanethiols was investigated. Past studies have demonstrated that the azimuthal 
orientation of 5CB on SAMs formed from alkanethiols with odd and even numbers 
of carbons reflects a balance of molecular and topographical effects on the liquid 
crystal. See V. K. Gupta; N. L. Abbott, Science, 276, 1533 (1997) and J. J. 
5 Skaife; N.L. Abbott, Langmuir, 17, 5595 (2001). Alkanethiols with an odd number 
of carbons form SAMs that orient the liquid crystal in an azimuthal orientation that 
is parallel to the direction of minimum roughness on the surface. On the other 
hand, SAMs formed from alkanethiols with an even number of carbons orient 
nematic 5CB in an azimuthal orientation that is parallel to the direction of maximum 

10 roughness on the surface when formed on gold films deposited at an angle of 
incidence of 40°. It was demonstrated that the topography dominates molecular 
interactions between the liquid crystal and the surface, when using even-chain length 
SAMs and high angles of deposition of the gold, thus causing the liquid crystal to 
orient m an azimuthal direction that is parallel to the direction of minimum 

15 roughness on the surface. 

Liquid crystal optical cells were prepared using a top surface or 
substrate that was a SAM formed from hexadecanethiol on a gold film deposited at 
an angle of incidence of 40° (50 cm between the source of gold and the substrate- 
See Fig. 3). The bottom surface or substrate of the liquid crystal cell comprised a 

20 SAM formed from hexadecanethiol on a gold film that was deposited such that the 
angle of incidence of gold changed from 48° to 58° (0i - 62 = 10°) and the thickness 
of the gold changed from about 11 mn (Gi, 58°) to about 23 nm (62, 48°) across the 
slide. The two substtates were oriented such that the azimuthal directions of 
deposition of the gold on the two slides were parallel to each other. FIG. 4 shows 

25 the appearance of the liquid crystal (thickness of about 12 |j,m) within the cell when 
viewed using crossed polars (top) and parallel polars (bottom). 

In FIG. 4, the liquid crystal anchored on the area of the gold fihn 
deposited at 48° appears dark under crossed polars (top). This result indicates that 
the liquid crystal is anchored in the same azimuthal direction (in the direction of 

30 maximum roughness) on the surfaces of both the top and bottom substrates of the 
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liquid crystal cell. The crossed polars therefore extinguish light transmitted through 
the liquid crystal because the polarization of the incident light is not changed by 
transmission through the cell of uniformly oriented liquid crystal. In contrast, in 
regions of the gold film deposited at 58°, the cell appears light under crossed polars, 

5 but dark under parallel polars. This result indicates that the liquid crystal within 
this region of the cell possesses a 90° twist distortion where the azimuthal alignment 
is in the direction of maximum roughness for the gold film deposited at 40°, but in 
the direction of minimum roughness on the portion of the bottom slide where the 
gold film was deposited at an angle of 58°. The polarization of the incident light is 

10 rotated by 90°, thereby allowing light to exit through the crossed polarizer. 

Inspection of FIG. 4 reveals that the transition from uniform to 
twisted liquid crystal occurs in a region of the gold fihn deposited at an angle of 
incidence of about 55° (gold thickness of about 13 nm). This result demonstrates 
that at a gold deposition angle of about 55°, the orientation of the liquid crystal 

15 switches from one that reflects the molecular structure of the SAM to one that 
reflects the topography of the surface for this system. At angles of deposition of 
less than 55°, the molecular structure of the SAM dictates the orientation of the 
liquid crystal, whereas at angles of deposition greater than 55° the effects of 
topography dominate. This is consistent with a gradient in anchoring energy of 

20 liquid crystal on the surface. This striking result shown in FIG. 4 also suggests that 
angles of deposition of about 55° and gold thickness of about 13 nm may be optimal 
for reporting chemical transformations that give rise to changes in the molecular 
interactions between 5CB and monolayers formed on these surfaces. 

One application for gradient metal fihns is detection of targeted 

25 binding events on surfaces using liquid crystals. See J.J. Skaife; N.L. Abbott, 
Langmuir, 17, 5595 (2001). Because proteins are similar in size to the topography 
(1 - 10 nm) of the gold fihns, the binding of proteins to receptors disposed on the 
nanometer-scale topography can disrupt the alignment of the liquid crystals by 
masking the surface topography. In many systems of interest, a first protein bound 

30 to the surface acts as a receptor for a second protein. In order to detect the second 
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protein, the first protein must not disrupt the alignment of the liquid crystal. This 
indicates that control of surface topography is important in obtaining optimum 
results and improved performance in liquid crystal assay devices. Surfaces mth 
gradients in topography were used to explore the effects of topography and protein 

5 binding events on the alignment of liquid crystals. These results may subsequently 
be used to prepare surfaces willi topographies that are optimized for employment in 
liquid crystal-based assays as demonstrated herein. Furthermore, kits may include 
two or more supports prepared at different ranges of angles of mcidence of 
deposition. Such supports may be used to determme the optimum angles of 

10 incidence for a particular liquid crystal assay application. 

A model system utilizing BSA and anti-BSA IgG was employed to 
demonstrate how gradient surfaces can be used to optimize the surface topography 
of surfaces utilized in liquid crystal detection devices. Using gold films that possess 
gradients in surface topography, the optimal angle of deposition was identified for 

15 detection of anti-BSA IgG by surfaces which included immobilized BSA. The same 
procedure can be used to determine optunal surface topography with any suitable 
receptor-analyte pair that may be detected using liquid crystals. FIGS. 5 and 6 are 
scaimed optical images of liquid crystal cells possessing surfaces that support either 
BSA (FIG. 5) or BSA to which anti-BSA IgG was bound (FIG. 6). The top images 

20 of FIGS. 5 and 6 show the entire length of the slides when oriented (long axis) 
parallel to the polarizer of the microscope and the bottom images shows the entire 
length of the slides when they are oriented at an angle of 45° to the polarizer of the 
microscope. Referrmg to FIGS. 5 and 6, in regions of the gold film deposited at 
about 56° (gold thickness of about 13 nm), both the BSA and BSA/anti-BSA IgG 

25 complex mask the topography of the surface thereby causing non-uniform aligmnent 
of the liquid crystal 5CB. When the alignment of the liquid crystal is non-uniform, 
there is little modulation in the optical appearance of the liquid crystal when it is 
rotated between crossed polarizers. Therefore, a surfiace formed at an angle of 
incidence of 56° would not provide optunal utility in detecting bindmg of anti-BSA 

30 IgG to BSA. In regions of the gold fihn deposited at about 63° (gold thickness of 
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about 7 nm, right hand side of FIGS. 5 and 6), the Uquid crystals are uniformly 
oriented on the surface with either BSA or BSA/anti-BSA IgG present on the 
surface. Therefore, at deposition angles of about 63°, the topography of the gold 
film is sufficiently pronounced that neither BSA nor the BSA/anti-BSA IgG complex 

5 can mask the topography that orients the liquid crystal. However, as shown in 
FIGS. 5 and 6, in regions of the gold fihn deposited at angles of about 60° (gold 
thickness of about 9 nm), BSA and complexes of BSA with anti-BSA IgG have 
substantially different effects on the liquid crystal such that optimal detection of 
binding can be observed. FIG. 7 is a graph of the standard deviation of luminance 

10 of the sample at an orientation of 45 ° as a function of the angle of gold deposition 
where (♦) corresponds to the slide with the BSA (FIG. 5) and (□) corresponds to 
the slide with the BSA/anti-BSA (FIG. 6). The uniformity of the orientation of the 
liquid crystal was characterized by measurmg the standard deviation of the 
lummance of the sanq)le at an orientation of 45° (FIG. 7). The uniformity of the 

15 orientation of the liquid crystal was also characterized by measuring the difference 
in luminance between sample orientations of 0° and 45°-the results using this 
method were similar to those obtained using the standard deviation. From FIGS. 5, 
6, and 7, it is apparent that the maximal difference between BSA and BSA/anti-BSA 
IgG occurs at the angle of deposition of gold of 60° (gold thickness of about 9 nm). 

20 At this angle of deposition, the BSA does not mask the topography of the surface 
that orients the liquid crystal (FIG. 5). However, the presence of anti-BSA IgG 
bound to the BSA is sufficient to mask the topography of the surface and leads to a 
non-uniform orientation of the liquid crystal (FIG. 6). Therefore, a surface with an 
angle of deposition of 60° and a gold thickness of about 9 nm should provide 

25 optmial performance for detecting anti-BSA IgG binding to BSA. These results 
demonstrate that surfaces with contmuous gradients in topography can be used to 
screen and determine the optimal topography on which to detect binding events such 
as the binding of anti-BSA IgG to BSA. Those skilled in the art will recognize that 
the procedure described above may be used to optimize surfaces for use in liquid 

30 crystal devices for a wide range of analytes. 
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In summary, fabrication of substrates with surfaces that possess 
gradients in nanometer-scale topography may be accomplished using the methods 
herein described. Such substrates have important utility in investigating the 
anchoring of liquid crystals to surfaces with anisotropic topography. By forming 

5 SAMs from alkanethiols on gold fihns with gradients in topography, deposition 
conditions can be identified that lead to a surface on which the effects of molecular 
structure and topography on the liquid crystal are in balance. Furthermore, surfaces 
that possess gradients in nanometer-scale topography may be used to identify and 
prepare optimized surfaces on which to detect protem-receptor and other interactions 

10 in liquid crystal devices. 

Surfaces that possess gradients in surface topography accordmg to the 
invention also have application in other areas. For example, surfaces with gradients 
may be used to investigate cell migration on gradient surfaces thereby providing 
information on whether a particular cell type prefers smoother or rougher surfaces. 

15 Surfaces with gradients according to the invention may also be used to initiate cell 
migration and facilitate research in tissue engineering and cancer where cell 
migration plays an important role. To evaluate the effect of gradient topography at 
nanometer-scale on cell migration, mammalian cells (Albino 3T3-Swiss fibroblast 
(American Type Culture Collector)) are plated in a confined region in the middle of 

20 a gradient gold substrate that presents RGD ligands with a background of 

tri(ethylene glycols) to facilitate specific cell adhesion. The cell culture is confined 
in a microcontact-printed region that presents methyl-terminated SAMs 
(hexadecanethiols) and is allowed to adhere for 30 minutes. The cell medium is 
then exchanged with fresh DMEM (Dulbecco's Modification of Eagle's Medium) 

25 supplement with serum for another 8 hours, at which tune the cells grow and 
replicate to cover the region of the microcontact-printed region. The DMEM 
supplement is then changed with serum with pure PBS buffer to starve the 
fibroblasts, and the migration of the cells is observed with an optical microscope. 
The cells are found to migrate with a much faster rate towards the side of the 

30 gradient with greater roughness than towards the smooth side of the gold gradient 
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substrate. Surfaces with gradients may also be used to assemble functional materials 
on gradient surfaces such as conducting polymers and to present gradient functions 
on surfaces. 

All references cited herem are specifically incorporated herein by 
5 reference for all purposes. 

It is understood that the invention is not limited to the embodunents 
set forth herein for illustration, but embraces all such forms thereof as come withm 
the scope of the following claims. 
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CLAIMS 

What is claimed is: 

1 1 . A method for preparing a metallized surface that possesses 

2 gradients in surface topography, comprising: 

3 (a) obliquely depositing a metal from a metal source onto a surface of 

4 a support, the surface of the support comprising a first end, a second end, and a 

5 region between the first and second ends, wherein the second end of the surface is 

6 located nearer to the metal source than is the first end, further wherein the metal is 

7 deposited onto the first end of the surface at a first angle of incidence as measured 

8 from the normal of the support and the metal is deposited onto the second end of the 

9 surface at a second ajo^le of incidence as measured from the normal of the support, 

10 and still further wherein the first angle of incidence is greater than the second angle 

1 1 of incidence and the metal is deposited onto the region between the first and second 

12 ends at angles of incidence that vary from the first angle of incidence to the second 

13 angle of incidence over the region to produce the metallized surface with gradients 

14 m surface topography. 

1 2. The method of claim 1, wherein the difference between the 

2 first angle of incidence and the second angle of incidence is at least 3°. 

1 3. The method of claim 2, wherem the difference between the 

2 first angle of incidence and the second angle of incidence is at least 5°. 

1 4. The method of claim 3, wherein the difference between the 

2 first angle of incidence and the second angle of iacidence is at least 8°. 

1 5. The method of claim 4, wherein the difference between the 

2 first angle of incidence and the second angle of mcidence is at least 10°. 
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1 6. The method of claim 1, wherein the metal source is located in 

2 a crucible with a top surface and the support is perpendicularly disposed with 

3 respect to the top surfece of the crucible. 

1 7. The method of claim 1, wherein the distance between the 

2 second end of the support and the metal source is less than 35 cm. 

1 8 . The method of claim 7, wherein the distance between the 

2 second end of the support and the metal source is less than 30 cm. 

1 9. The method of claim 8, wherein the distance between the 

2 second end of the support and the metal source is less than 25 cm. 

1 10, The method of claim 8, wherein the support is a glass slide 

2 with a length of at least 7 cm. 

1 11. The method of claim 1 , wherein the metal is selected from the 

2 group consisting of silver and gold. 

1 12. The method of claim 11, wherein the support comprises a 

2 layer of titanium and the metal is obliquely deposited onto the layer of the titanium. 

1 13 The method of claim 1, wherein the metal obliquely deposited 



2 on the surface of the support is gold or silver and the method further comprises first 

3 obliquely depositing titanium onto the support at varying angles of incidence to 

4 provide the support on which the gold or silver is deposited, wherein the support 

5 prior to gold or silver deposition comprises a titanium surface with gradients in 

6 surface topography, and further wherein the gold or silver is deposited over the 

7 titaniirai surface of the support. 

1 14. The method of claim 1, wherein the metal obliquely deposited 

2 on the surface of the support is gold, and the method further comprises forming a 

3 self-assembled monolayer on the metallized surface. 
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1 15. The method of claim 14, wherein the self-assembled 

2 monolayer is formed on the metallized surface by contacting a solution of an 

3 allcanethiol with the metallized surface. 

1 16. The method of claim 15, further comprising contacting the 



2 self-assembled monolayer with ai liquid crystal. 

1 17. A substrate possessing gradients in surface topography, 

2 comprising: 

3 (a) a support having a first end, a second end, and a region 

4 between the first end and the second end; 

5 (b) a metallized surface disposed over the support, wherein the 

6 metallized surface comprises a layer of metal with a surface topography that 

7 comprises repeatmg hills and valleys, wherein the metallized surface comprises a 

8 gradient wherein the layer of metal is thicker at die second end than it is at the first 

9 end and gradually changes in the region between the first end and the second end, 

10 and further wherein the hills are higher and the valleys are deeper at one end than 

1 1 they are at the other end and the height of the hills and the depth of the valleys 

12 gradually changes in the region between the first end and the second end of the 

13 support; 



14 (c) an optional adhesion promoting material disposed between the 

15 metallized surfece and the support; and 

16 (d) a self-assembled monolayer or a layer of protein attached to a 

17 top surface of the metallized surface. 



1 18, The substrate of claun 17, further comprising a liquid crystal 

2 disposed above the self-assembled monolayer or the layer of protein. 



1 
2 



19. The substrate of claim 18, wherein the liquid crystal is 4- 
cyano-4'pentylbiphenyl. 
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1 20. The substrate of claim 17, wherein the self-assembled 

2 monolayer comprises an alkanethiol that is bound to the metallized surface of the 

3 substrate. 

1 21. The substrate of claim 17, wherein the optional adhesion 

2 promoting material is disposed between the metallized surface and the support. 

1 22. The substrate of claim 21, wherein the adhesion promoting 

2 material is a layer of titanium deposited on the support. 

1 23 . The substrate of claim 22, wherein the layer of titanium has a 

2 gradient in topography that extends from the first end of the support to the second 

3 end of the support. 

1 24. The substrate of claim 17, wherein the support is a glass slide. 

1 25. The substrate of claim 17, wherein the metal of the metallized 

2 surface is gold or silver. 

1 26. The substrate of claim 17, wherein the anchoring energy of a 



2 liquid crystal disposed over the metallized surface varies across the surface from die 

3 first end of the support to the second end of the support, wherein an analj^e bound 

4 to the surface will disrupt the uniform alignment of the liquid crystal on regions of 

5 the surface with low anchoring energies, but will not disrupt the alignment of the 

6 liquid crystal on regions of the surface that possess high anchoring energies. 

1 27. The substrate of claun 17, wherein a liquid crystal disposed 

2 on the metallized surface will be oriented in one direction at the first end of the 

3 support and will be oriented in a different direction at the second end of the support. 

1 28. The substrate of claim 17, wherein a liquid crystal disposed 

2 on the metallized surface will be oriented in a first dkection at the furst end of the 

3 support and will be oriented m a second direction at the second end of the support. 
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4 wherein the second direction is perpendicular to the first direction. Second end is 

5 not ordered uniformly. 

1 29. The substrate of claim 17, wherein a liquid crystal disposed 

2 on the metallized surface will be uniformly oriented at either the first end or the 

3 second end of the support and will not be uniformly oriented at the other end of the 

4 support. 

1 30. A method for determining an optimal angle of metal 

2 deposition for a metallized surface in a liquid crystal assay device, the method 

3 comprising: 

4 (a) contactmg a liquid crystal with a receptor molecule disposed 

5 on a first metallized surface of a first support in a first liquid crystal cell, the first 

6 liquid crystal cell comprising a first surface and a second surface, the second surface 

7 comprising the receptor molecule disposed on the first metallized surface of the first 

8 support, wherein the first surface and the second surface are spaced apart facing 

9 each other m the first liquid crystal cell, farther wherein the first support of the 

10 second surface comprises a first end, a second end, and a region between the first 

1 1 and second ends, still further wherein the first metallized surface of the first support 

12 comprises a first gradient in surface topography formed by obliquely depositmg a 

13 metal on the first support at angles of incidence varying firom a first angle of 

14 incidence at the first end of the first support to a second angle of incidence at the 

15 second end of the first support, still further wherein the difference between the first 

16 and second angles of incidence of the first support is at least 3°, and still further 

17 wherein the first surface of the first liquid crystal cell is a first surface that 

18 uniformly anchors the liquid crystal or is a surface that is substantially the same as 

19 the second surface; 

20 (b) contacting the liquid crystal with a receptor-analyte complex 

21 molecule disposed on a second metallized surface of a second support in a second 

22 liquid crystal cell, wherein the receptor-analyte complex molecule is formed by 

23 reaction of the receptor molecule with an analyte molecule that binds to the receptor 
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24 molecule, and fhe second liquid crystal cell comprises a third surface and a fourth 

25 surface, the fourth surface comprising the receptor-analyte complex molecule 

26 disposed on the second metallized surface of the second support, further wherein the 

27 third surface and the fourth surface are spaced apart facing each other in the second 

28 liquid crystal cell, still further wherein the second support of the fourth surface 

29 comprises a third end, a fourth end, and a region between the third and fourth ends, 

30 still further wherein the second metallized surface of the second support comprises a 

31 second gradient in surface topography fonned by obliquely depositing the metal on 

32 the second support at angles of incidence varying from a third angle of incidence at 

33 the third end of the second support to a fourth angle of incidence at the fourth end of 

34 the second support, still further wherein the difference between the third and fourth 

35 angles of incidence of the second support is substantially the same as the difference 

36 between the first and second angles of incidence of the first support, still further 

37 wherein the first angle of incidence is substantially the same as the third angle of 

38 incidence and the second angle of incidence is substantially the same as the fourth 

39 angle of mcidence such that the first metallized surface is substantially the same as 

40 the second metallized surface, still further wherein the angles of incidence are all 

41 measured from the normal, and still further wherein the third surface of the second 

42 liquid crystal cell is a second surface that uniformly anchors the liquid crystal or is a 

43 surface that is substantially the same as the fomth surface; 

44 (c) comparing at least one optical property of the liquid crystals m 

45 the first and second liquid crystal cells; and 

46 (d) determining the angle of incidence that maximizes the 

47 difference in the at least one optical property of the liquid crystals in the first and 

48 second liquid crystal cells. 

1 31 . The method of claun 30, wherein the difference between the 

2 first and second angles of incidence of the first support is at least 5". 

1 32. The method of claun 30, wherein the difference between the 

2 first and second angles of incidence of the first support is at least 8°. 
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1 33. The method of claim 30, wherein the difference between the 

2 first and second angles of incidence of the first support is at least 10°. 

1 34. The method of claim 30, wherein the metal is gold or silver. 

1 35. The method of claim 30, wherein the first surface of the first 

2 liquid crystal cell is a first surface that uniformly anchors the liquid crystal and the 

3 third siu-face of the second liquid crystal cell is a second surface that uniformly 

4 anchors the liquid crystal and the first surface and the third surfaces comprise glass 

5 slides with a surface comprising obliquely deposited gold. 

1 36. The method of claim 30, wherein the at least one optical 

2 property of the liquid crystals compared in the first and second liquid crystal cells 

3 comprises is lummance. 

1 37. The method of claim 30, wherein the angle of incidence that 



2 maximizes the difference in the at least one optical property of the liquid crystals in 

3 the first and second liquid crystal cells is determined by measuring the standard 

4 deviation in the luminance of the liquid crystal in the first and second liquid crystal 

5 cells at an orientation of 45° or is determined by measuring the difference in 

6 luminance between orientations of 0° and 45°. 



1 38. The method of claim 30, wherein the receptor is selected from 

2 the group consisting of a protein, an immimoglobulin, a portion of an 

3 immunoglobulin, a peptide, a polypeptide, a carbohydrate, a fragment of RNA, and 

4 a fragment of DNA. 

1 39. The method of claim 30, wherein the first surface of the first 

2 liquid crystal cell is a surface that is substantially the same as the second surface and 

3 the third surface of the second liquid crystal cell is a surface that is substantially the 

4 same as the fourth surface. 



wo 2004/044583 



PCTAJS2002/036444 



-48- 

1 40. A surface comprising a metallized surface formed by 

2 obliquely depositing a metal at the optimal angle of claim 30 and the receptor 

3 molecule disposed thereon. 
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FIG. 3 
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